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ABSTRACT 20 
Screening of a bacterial artificial chromosome (BAC) library containing metagenomic DNA from 21 
human plaque and saliva allowed the isolation of four clones producing antimicrobial activity. Three 22 
of these were pigmented and encoded homologues of glutamyl-tRNA reductase (GluTR), an enzyme 23 
involved in the C5 pathway leading to tetrapyrole synthesis, and one clone had antibacterial activity 24 
with no pigmentation. The latter contained a BAC with an insert of 15.6 kb. Initial attempts to 25 
localise the gene(s) responsible for antimicrobial activity by sub-cloning into pUC-based vectors 26 
failed. A new plasmid for toxic gene expression (pTGEX) was designed enabling localisation of the 27 
antibacterial activity to a 4.7 kb HindIII fragment. Transposon mutagenesis localised the gene to an 28 
open reading frame of 483 bp designated antibacterial protein1 (abp1). Abp1 was 94% identical to a 29 
hypothetical protein of Neisseria subflava (accession number WP_004519448.1).  An E. coli clone 30 
expressing Abp1 exhibited antibacterial activity against Bacillus subtilis BS78H, Staphylococcus 31 
epidermidis NCTC 11964 and B4268 , and Staphylococcus aureus NCTC 12493,ATCC 35696 and NCTC 32 
11561 . However no antibacterial activity was observed against Pseudomonas aeruginosa ATCC 33 
9027, Neisseria subflava ATCC A1078, Escherichia coli K12 JM109, and BL21(DE3) Fusobacterium 34 
Deleted:  35 
Deleted: (methicillin resistant, MRSA)36 
nucleatum ATCC 25586 and NCTC 11326, Prevotella intermedia ATCC 25611, Veillonella parvula 37 
ATCC 10790 or Lactobacillus casei NCTC 6375.  38 
INTRODUCTION 39 
After the industrialization of penicillin production a plethora of antibiotics came into the market 40 
(Fernandes, 2006). However overuse of antibiotics acts as a selection pressure resulting in the 41 
emergence of resistant bacteria. This is exacerbated by the fact that antibiotic resistance genes are 42 
often borne on mobile genetic elements which may promote their rapid dissemination. Transfer of 43 
resistance genes to common pathogens makes otherwise treatable diseases untreatable; for a 44 
recent review see Juhas, 2015. Thus, there is an urgent need for new antimicrobials.  45 
Microorganisms are known producers of antimicrobials (Tawiah et al., 2012) however access to all 46 
antimicrobial producers is hindered by the fact that not all are cultivable in the laboratory. 47 
Metagenomics allows access to the genetic potential of whole microbial communities in an 48 
environmental sample (Mullany, 2014) and has allowed the isolation of novel antimicrobial products. 49 
For example, investigation of the microbial communities associated with the marine sponge, 50 
Cymbastela concentric, and the green alga, Ulva australis, led to the identification of three novel 51 
hydrolytic enzymes with antibacterial activity (Yung et al., 2011). The pigments, indirubin and indigo, 52 
were discovered to have antibacterial activity by screening a fosmid library of a forest soil 53 
metagenome (Lim et al., 2005). The broad spectrum antibiotics, turbomycin A and B, from a soil 54 
metagenomic library were reported by Gillespie et al. (2002). The antibiotics, violacein and  55 
palmitoylputrescine , were isolated from soil and bromeliad tank water metagenomic libraries, 56 
respectively (Brady et al., 2001; Brady & Clardy, 2004). Palmitoylputrescine was not found in a 57 
previous screen for antibacterials amongst cultivable bacteria, indicating that metagenomic 58 
screening allows access to natural products that cannot be found using other methods. Recently a 59 
novel method for growing previously uncultivable soil bacteria has been developed which enabled 60 
the isolation of a new antibiotic, teixobactin, further emphasising the potential of non-cultivable 61 
bacteria as a rich source of useful products (Ling et al., 2015).  62 
In this study we investigated the human oral metagenome by functional screening for antimicrobial 63 
production. A novel antibacterial protein was isolated from a BAC library of human plaque and saliva 64 
metagenomic DNA. Additionally, a vector for efficient cloning and stable maintenance of toxic genes 65 
was designed and used. 66 
MATERIALS AND METHODS 67 
Bacterial cultures and vectors used. 68 
Escherichia coli strains and plasmids used in this study are listed in Table 1.  The indicator bacteria 69 
tested were:  Bacillus subtilis BS78H (a chloramphenicol resistant derivative of CU2189), 70 
Staphylococcus epidermidis NCTC 11964 and B4268, Staphylococcus aureus NCTC 12493 NCTC 11561 71 
and ATCC 35696  , Pseudomonas aeruginosa ATCC 9027, Neisseria subflava ATCC A1078, Escherichia 72 
coli K12 JM109 and E. coli B BL21(DE3)  , Fusobacterium nucleatum ATCC 25586 and NCTC 11326 , 73 
Prevotella intermedia ATCC 25611, Veillonella parvula ATCC 10790 and Lactobacillus casei NCTC 74 
6375. 75 
Deleted: palmitoylputrescine76 
Deleted: Palmitoylputrerescine 77 
Deleted: (MRSA)78 
Deleted: , 79 
In order to mediate stable cloning of genes toxic to E. coli, the vector, pTGEX (plasmid for toxic gene 80 
expression) was designed (Fig. 1). This was constructed by DNA2.0, USA to our specifications: 81 
plasmid pJ421 containing a p15a (Chang & Cohen, 1978 ) origin of replication was modified by 82 
insertion of the pUC19 lacZ fragment containing a multiple cloning site allowing cloning flexibility 83 
and blue white selection. DNA cloned into pTGEX is tightly controlled by an isopropyl-β-D-84 
thiogalactopyranoside (IPTG)-inducible phage T5 promoter. The vector has transcription 85 
terminators, designed and synthesised by DNA 2.0 and placed upstream and downstream of the 86 
multiple cloning sites.  87 
Functional screening. 88 
Clones from a previously described human oral metagenomic library (Warburton et al., 2009) were 89 
grown on Luria Bertani (LB) agar containing chloramphenicol (12.5 µg/ml) and IPTG (0.5 mM) for 24 90 
h at 37°C. Thereafter the plates were incubated at 22-25°C for 5 days. For the antibacterial assay, a 91 
16 h B. subtilis culture (in LB broth) was diluted to obtain an optical density at 600 nm (OD600) of 0.3. 92 
This suspension was diluted 1 in 100 in to 0.5% LB agar and overlaid on to the LB agar plate 93 
containing the metagenomic clones. The plates were incubated for 24 h at 37°C followed by 3-4 days 94 
incubation at 22-25°C and were scored for a zone of inhibited B. subtilis growth. 95 
Any clones showing antibacterial activity against B. subtilis were also tested against S. epidermidis, S. 96 
aureus, P. aeruginosa, N. subflava, E. coli and L. casei which were grown aerobically at 37 °C in brain-97 
heart infusion (BHI) broth. Cultures of F. nucleatum, P. intermedia, and V. parvula were grown in BHI 98 
broth in an anaerobic atmosphere (80% N2, 10% CO2, 10% H2).  99 
Subcloning and DNA sequencing. 100 
The pTGEX plasmid was used for sub-cloning in E. coli DH5α. Sub-clones from each experiment were 101 
grown on LB agar containing kanamycin (30 µg/ml) and IPTG (1 mM) for 12 h at 37°C followed by 12 102 
h of incubation at 22-25°C and thereafter scored for antibacterial activity as described above. The 103 
insert DNA from the sub-clone showing antibacterial activity was sequenced using pTGEX sequencing 104 
primers, pTGEXFP (5’-TTACGAGCTTCATGCACAG-3’) and pTGEXRP (5’-AGGGTTATTGTCTCATGAGC-3’) 105 
which flank the cloning site.  106 
Bioinformatics analysis. 107 
DNA sequences were analysed using tools available at the National Centre for Biotechnology 108 
Information (NCBI), ORF finder (http://www.ncbi.nlm.nih.gov/) and BLAST (Altschul et al., 1990). A 109 
putative promoter was assigned using a promoter prediction program, BPROM 110 
(http://linux1.softberry.com/berry.phtml?topic=bprom&group=programs&subgroup=gfindb).  The 111 
transcription terminator was recognized using the web server, ARNold (Naville et al., 2011). The 112 
putative signal peptide and cleavage site was identified by the online tool, Prediction of Protein 113 
Localization Sites (PSORT) (Gardy et al., 2005).  114 
Transposon mutagenesis. 115 
For transposon mutagenesis, the Entranceposon (an artificial Mu transposon) containing a 116 
kanamycin resistance gene was used. Transposon mutant libraries were constructed following the 117 
manufacturer’s instructions (Template Generation System II kit; TGS, F-702; Finnzyme, Finland).  The 118 
transposition reaction mixture was transformed into the strains of E. coli EPI300-T1R carrying the 119 
plasmids encoding antibacterials, and transformants were selected on LB agar containing 120 
chloramphenicol (12.5 µg/ml) and kanamycin (20 µg/ml). The transformants were grown for 12 h at 121 
37°C, with shaking at 200 rpm in 96 well flat bottom plates with 110 µl LB broth containing 122 
kanamycin. 5 µl of the 12 h culture was spotted on to LB agar supplemented with chloramphenicol 123 
(12.5 µg/ml) and IPTG (0.5 mM) and the plates were incubated overnight at 37°C. After overnight 124 
incubation, an overlay assay using B. subtilis was performed as described above and mutants not 125 
showing a zone of inhibition were selected. To localise the transposon insertion site, plasmids 126 
isolated from the mutants were digested with HindIII and analyzed by gel electrophoresis.  Mutant 127 
plasmids with single transposon insertions were sequenced using transposon specific primers (SeqW 128 
and SeqE provided by the manufacturer) and the transposon insertion point identified. 129 
Nucleotide sequence submission. 130 
The nucleotide sequence of the insert from p112C was deposited in GenBank under the accession 131 
number KF955286. 132 
RESULTS AND DISCUSSION  133 
Screening of a human plaque and saliva metagenomic library allowed the isolation of four clones 134 
producing antibacterial products. 135 
19,200 metagenomic clones containing DNA from human pooled plaque and saliva were screened 136 
and three brownish-red pigmented clones, BAC28G, BAC108J and BAC110F, containing BACs with 137 
insert sizes of 17.7 kb, 5.4 kb and 21.3 kb, respectively, and one non-pigmented clone, HOAb112C, 138 
which contained a BAC with an insert of 15.6 kb, gave zones of growth inhibition of B. subtilis.  139 
In vitro transposon mutagenesis of plasmids from the pigmented clones showed that the loss of 140 
function mutants invariably had a transposon inserted in an ORF (of identical sequence in all three 141 
pigmented clones) homologous to hemA which encodes glutamyl-tRNA reductase (GluTR), the first 142 
enzyme in the tetrapyrrole C5 biosynthetic pathway ( Srivastava & Beale, 2005). The predicted 143 
amino acid sequence from the metagenomic clones was 99% identical to GluTR of a number of 144 
Neisseria species (e.g. N. mucosa WP_003748579), 96% identical to GluTR of V. parvula 145 
(YP_003312383) and 91% identical to GluTR of Neisseria flavescens (WP_003679373). Pigmented 146 
metagenomic clones with antibacterial activity have been found in gene libraries constructed from 147 
rice paddy soil DNA and from metagenomic DNA from the marine sponge, Discodermia calyx (Kim et 148 
al., 2009; He et al., 2012). Biochemical analysis of the pigments from the soil metagenome showed 149 
that they were coproporphyrin and minor porphyin intermediates and the gene encoding GluTR 150 
(hemA) was shown to be responsible for pigment production. As E. coli also contains a hemA gene it 151 
is likely that the pigmentation is due to increased levels of GluTR as a result of either the increase in 152 
copy number of the hemA gene or increased expression in the metagenomic clone. Therefore it is 153 
likely that the GluTR-encoding clones from the oral metagenome were also producing antibacterial 154 
porphyrins.  155 
Sub-cloning of the antibacterial encoding genes required the construction of a new vector  156 
The non-pigmented clone, HOAb112C, contained a plasmid designated p112C with an insert of 15.6 157 
kb. In order to localize the region responsible for antibacterial activity, sub-cloning of the three 158 
HindIII fragments (7 kb, 4.7 kb & 3.9 kb) was attempted. Despite multiple attempts, the gene 159 
encoding antimicrobial activity could not be cloned into pUC based vectors. However, the three 160 
HindIII fragments were successfully cloned in pTGEX (see materials and methods for vector details) 161 
to generate pTGEX7, pTGEX4.7 and pTGEX3.9 and antibacterial activity was only observed in E. coli 162 
containing pTGEX4.7 (Fig. 2).  163 
The utility of pTGEX was further demonstrated by sub-cloning the 5.4 kb insert from pBAC108J, 164 
containing the gene involved in production of a pigmented antibacterial metabolite (see above) into 165 
pTGEX to generate pTGEX5.4. The radius of the zone of inhibition in pTGEX5.4 was 0.4 cm while that 166 
in the original BAC clone was 0.1 cm (data not shown). Presumably this is because in pTGEX5.4 the 167 
gene in the insert is under the control of a strong ITPG inducible promoter, whereas in pCC1BAC its 168 
likely to be under the control of its own promoter. Furthermore, un induced pCC1BAC has a copy 169 
number of 1 whereas pTGEX5 has a copy number of 10-12. The larger zone of inhibition produced by 170 
subcloning in pTGEX, may prove useful for the easier identification of clones producing antibacterial 171 
products.   172 
DNA sequence analysis of a clone encoding a novel antibacterial protein. 173 
DNA sequence analysis of pTGEX4.7 showed that it contained six orfs (Fig. 3) with homology to genes 174 
of Neisseria species: starting at the the 5’ end, the first partial orf showed 82% identity to the gene 175 
fadD coding for long-chain-fatty -acid--CoA ligase (NCBI accession number CBN86964), the second 176 
orf  showed 86% identity to the gene trmU coding for tRNA (5-methylaminomethyl-2-thiouridylate)-177 
methyltransferase (accession number ADO32009), the third showed 83% identity to a gene coding 178 
for a hypothetical protein (accession number ACF28991) which we subsequently designated 179 
antibacterial protein1 (abp1). The fourth orf showed 73% identity to  dgk coding for diacylglycerol 180 
kinase (accession number CBN86961), the fifth orf displayed 84% identity to gshB coding for 181 
glutathione synthetase (accession number ADZ01159) and the sixth partial orf showed 80% identity 182 
to recN coding for DNA repair protein RecN (accession number CBN87706).   183 
To precisely identify the gene(s) responsible for antibacterial activity, p112C was subjected to in vitro 184 
transposon mutagenesis. This clone was chosen as a target for mutagenesis as it was thought it may 185 
contain regulatory genes involved in the modulation of antimicrobial production. Two mutants, 186 
112CTM3D10 and 112CTM1H7, which had lost antibacterial activity and which each had a single 187 
transposon insertion were obtained. In 112CTM3D10, the transposon was inserted in the 483 bp orf 188 
(abp1) whose translation product showed 96% identity to a hypothetical protein (WP_003681960) of 189 
N. flavescens. Homology searches in the conserved domain database showed that Abp1 belonged to 190 
a family of proteins (putative membrane or periplasmic proteins) with unknown function. However, 191 
the mutagenesis results clearly showed that the gene encoded a product with antibacterial activity. 192 
Interestingly, in 112CTM1H7, the abp1 coding sequence was intact and the transposon was inserted 193 
between the -10 and -35 boxes of a predicted upstream promoter suggesting that transposon 194 
insertion has prevented transcription. Downstream of the gene, a Rho-independent transcription 195 
terminator was predicted (Fig. 4).  196 
At the N-terminus of Abp1, a 19 residue signal peptide was recognized by PSORT (Fig. 4) which is 197 
predicted to direct the protein to the periplasmic space (certainty=0.93).  198 
HOAb112 has antimicrobial activity against a range of bacteria 199 
HOAb112 had antibacterial activity against S. epidermidis NCTC 11964 and B4268 , S. aureus NCTC 200 
12493, ATCC 35696 and NCTC 11561 and B. subtilis CU2189. However no antibacterial activity 201 
against P. aeruginosa ATCC 9027, N. subflava ATCC A1078, E. coli K12 JM109 and BL21(DE3), F. 202 
nucleatum ATCC 25586 and NCTC 11326 , P. intermedia ATCC 25611, V. parvula ATCC 10790 or L. 203 
casei NCTC 6375 was observed. 204 
The narrow antibacterial spectrum of Abp1 may be useful therapeutically.  205 
In summary, this work has shown that the human oral metagenome is a source of antimicrobial 206 
agents. A potential problem in accessing these in functional metagenomic studies is their toxicity to 207 
the host. To overcome this we have designed the vector pTGEX which allows the cloning of toxic 208 
genes. In future work we plan to use this vector to construct gene libraries and screen for 209 
antimicrobial production.   210 
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